The electroretinogram b-wave is generally believed to reflect mainly light-induced activity of ON-center bipolar cells and Muller cells. Recently, there is increasing evidence that third-order retinal neurons can also contribute significantly to the b-wave. In a previous study (Vis. Res. 40 (2000) 579) we proposed that the GABAc feedback from amacrine cells to bipolar cells can affect both the amplitude and kinetics of the b-wave. Here we show that blocking this feedback has profound effects on b-wave amplitude and kinetics. These results demonstrate that feedback to bipolar cells is an important mechanism through which amacrine cells contribute to b-wave generation. Our results also provide functional evidence that the feedback may be involved in temporal processing in the mammalian retina. Ó
Introduction
The electroretinogram (ERG) is a gross potential generated by light-elicited electrical activity of retinal cells (for reviews see Dowling, 1987; Newman & Frishman, 1991) . Because the ERG can be recorded non-invasively and objectively, it is a useful tool for assessment of retinal function in basic research, clinical diagnosis, and animal models of various eye diseases. To enhance the utility of the ERG as an investigational and diagnostic tool, extensive effort has been devoted to understand the cellular origins of the different ERG components.
The b-wave is the most prominent component of the ERG (Dowling, 1987; Newman & Frishman, 1991) . While activity of ON-center bipolar cells is believed to be the major contributor to the b-wave (Green & Kapousta-Bruneau, 1999; Karwoski & Xu, 1999; Stockton & Slaughter, 1989; Tian & Slaughter, 1995; Xu & Karwoski, 1994) there is increasing evidence that third-order neurons, namely amacrine and ganglion cells, can also contribute directly or indirectly to the response (Awatramani & Slaughter, 2001; Dong & Hare, 2000; Gottlob, Wundsch, & Pflug, 1985; Kapousta-Bruneau, 2000; Wurziger, Lichtenberger, & Hanitzsch, 2001 ).
The exact mechanisms through which the third-order neurons contribute to b-wave generation are still unclear. One possibility is that light-elicited depolarization of these neurons causes an efflux of K þ into the extracellular space which produces a cornea-positive signal by generating a radial current loop through Muller cells (Awatramani & Slaughter, 2001; Gottlob et al., 1985; Gottlob, Wundsch, & Tuppy, 1988; Newman & Frishman, 1991) . However, the results of recent studies suggest that elevation of extracellular K þ may have little to do with b-wave generation and that contribution of Muller cells to the b-wave may be limited (Hanitzsch, Lichtenberger, & Mattig, 1996; Karwoski & Xu, 1999; Wurziger et al., 2001; Xu & Karwoski, 1994) . Furthermore, Kofuji et al. (2000) have demonstrated that b-wave generation was not affected in a mouse line with genetically inactivated inwardly rectifying K þ channels (Kir4.1, the primary K þ conductance of Muller cells). They conclude that the b-wave is not generated by K þ currents flowing through Muller cells. Thus, third-order neuron contribution to the b-wave may be through Muller cell-independent mechanisms.
In a previous study, we found that neuroactive agents which have been shown to affect the amplitude and (Dong & Hare, 2000) . In the present study, we tested this hypothesis and found that blocking the GABAc feedback attenuated substantially b-wave amplitude and prolonged significantly the decay of the response. These results demonstrate that GABAc feedback is an important mechanism through which thirdorder retinal neurons contribute to b-wave generation. The GABAc feedback pathway is involved in extraction of temporal contrast information in the retinas of lower vertebrates (Dong & Werblin, 1998; Roska, Nemeth, & Werblin, 1998; Zhang, Jung, & Slaughter, 1997) . This pathway is present in mammalian retinas (Enz, Brandstatter, Wassele, & Bormann, 1996; Hartveit, 1999; Shields, Tran, Wong, & Lukasiewicz, 2000) , but its involvement in temporal processing in mammalian retinas has not yet been functionally demonstrated. The significant effect of GABAc blockers on b-wave kinetics suggests that this feedback pathway may be involved in temporal processing in mammalian retinas as well.
Methods

Animal preparation
The present study was conducted in accordance with guidelines outlined in the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. The protocols used were also approved by the Allergan Animal Care and Use Committee. Adult pigmented (Dutch belted) rabbits were used in this study. Animals were placed in a holder following general anesthesia with ketamine (30 mg/kg h) and xylazine (15 mg/kg h). The pupil of the recorded eye was dilated with topical 1% tropicamide.
Electrophysiological recording and light stimulation
Corneal ERG responses from both left and right eyes were simultaneously recorded using two Burian-Allen bipolar contact-lens electrodes (Hansen Ophthalmic Development Lab., Iowa City, IA). A subcutaneous needle electrode connected to the ground of the amplifier was placed on the back of the animal. Light stimulation (5 ms flashes) for both eyes was provided by two ultra-bright white LEDs (6500 K color temperature, L.R.I. Inc., Blachly, Oregon). The intensity of the LED stimulators was calibrated using a photometer (International Light IL-1700). Near full-field stimulation was achieved by illuminating a custom-made diffusing screen placed very close to the contact-lens electrode. The stimulus intensity and duration were controlled by a Pentium PC. All animals were dark adapted for 40 min prior to recording. The ERG signals were pre-amplified with the built-in preamplifier in a Grass Neurodata Acquisition System (Model 12C, Astro-Med, West Warwick, RI) and band-pass filtered from 0.3 to 300 Hz before being digitized at 4 kHz with a Lab Master DMA data acquisition board (Scientific Solutions, Inc., Solon, OH). Responses were then saved on the Pentium PC. Averaged responses from 10 to 20 stimulus repetitions were used for analysis. To avoid any adapting effect of the previous flash, the inter-flash interval was 10-70 s depending on stimulus intensity. Software (Patchit Ó and Tack Ó ) used for stimulus control, data acquisition, and response analysis was obtained from White Perch Software (Grant & Werblin, 1994) .
Drug application
All drugs were dissolved in phosphate-buffered saline (PBS) and sterile filtered with Millipore filter (Millipore Corp., Bedford, MA). Drugs were administered by intravitreal injections of 50 ll volume through a 30-gauge needle inserted at the pars plana region. Control injections of 50 or 100 ll of PBS had no effect on the ERG. Drug effects were evaluated at 80-100 min following injections. Control experiments showed that steady-state drug effects are reached by that time and maintained for several hours thereafter. Final vitreal concentrations, given in the text and figure captions, were estimated by assuming 1.2 ml vitreous volume and full equilibration. Both (1,2,5,6-tetrahydropyridine-4-yl)methylphosphinic acid (TPMPA) and picrotoxin (PTX) were purchased from RBI (Natick, MA).
Results
GABAc receptor blockers suppress b-wave amplitude and prolong the decay of the response
In the rabbit retina, GABAc receptors are expressed predominantly at axon terminals of bipolar cells, especially at those of the rod bipolar cells, with little or no expression in third-order neurons (Enz et al., 1996; Fletcher, Koulen, & Wassle, 1998) . To determine how the GABAc feedback pathway affects the b-wave we applied two GABAc blockers, TPMPA (Ragozzino et al., 1996) and PTX (McGillem, Rotolo, & Dacheux, 2000) . The b-wave responses were recorded simultaneously from both eyes of anesthetized rabbits (see Section 2). Only one of the two eyes (chosen randomly) was injected with the GABAc blockers and the other eye was injected with vehicle and served as control. To simplify data analysis, we used a dim flash (12.8 Cd/M 2 , 5 ms) that elicited only the b-wave. In control animals, the kinetics of the normalized b-wave responses from the two eyes were virtually identical while response amplitude showed more variability (Fig. 1) . To quantify the drug-induced kinetics change, we measured half decay time (T 1=2 ) of the normalized b-wave responses. T 1=2 was determined from the time when the b-wave rises to half of its peak to the time when b-wave decayed to half of the peak (Fig. 1C) . Application of TPMPA (200 lM), a specific GABAc receptor antagonist (Ragozzino et al., 1996) , reduced significantly b-wave amplitude ( Fig. 2A) and made b-wave kinetics slower (Fig. 2B ). In four rabbits tested the mean b-wave amplitude was reduced to 71 AE 5% of control (mean AE se, p < 0:01, paired t-test) following application of TPMPA (Fig. 2C) . Kinetically, TPMPA did not affect noticeably the rise of the b-wave, but prolonged selectively the decay phase of the response (Fig. 2B) . TPMPA increased the mean T 1=2 value to 129 AE 8% of control (mean AE se, p < 0:01, paired t-test) in four rabbits tested (Fig. 2D) . Similar TPMPA effects on b-wave amplitude and kinetics were observed using a much dimmer flash (0.15 Cd/M 2 , 5 ms, Fig. 2E-H ). The mean amplitude was reduced to 61 AE 7:6% of control (p < 0:01, paired t-test) and the mean T 1=2 value to 203 AE 39% of control (p < 0:01, paired t-test). The effect of TPMPA on b-wave kinetics appears to be greater for the response elicited by stimulus of lower intensity (compare Fig. 2H and 2D ).
In another group of rabbits, PTX, a pharmacologically distinct GABA receptor blocker, was administrated. PTX is a chloride channel blocker that blocks chloride currents mediated by both GABAa and GABAc receptor channels in a number of vertebrate species, including the rabbit (McGillem et al., 2000) . Administration of PTX (200 lM) had effects very similar to those of TPMPA on both the amplitude and kinetics of the b-wave: it reduced significantly b-wave amplitude (Fig. 3A) and made b-wave kinetics slower (Fig. 3B ). In four rabbits tested the mean b-wave amplitude was reduced to 53 AE 5% of control (mean AE se, p < 0:01, paired t-test) following intravitreal application of the drug (Fig. 3C) . PTX also had little effect on the rise of the b-wave, but prolonged selectively the decay of the response. PTX increased the mean T 1=2 to 127 AE 3% of control (mean AE se, p < 0:01, paired t-test) in four rabbits (Fig. 3D) . Similar PTX effects on b-wave amplitude and kinetics were observed using a much dimmer flash (0.15 Cd/M 2 , 5 ms, Fig. 3E-H) . The mean amplitude was reduced to 59 AE 14% of control (p < 0:01, paired t-test) and the mean T 1=2 value to 196 AE 14% of control (p < 0:01, paired t-test). The effect of PTX on b-wave kinetics appears to be greater for the response elicited by stimulus of lower intensity (compare Fig. 3H  with 3D ). The results with TPMPA and PTX suggest that GABAc feedback enhances b-wave amplitude and accelerates the decay of the b-wave under physiological conditions. 
The effect of GABAc receptor blockers on the a-wave
To verify that the effects of GABAc blockers on the b-wave are not due to their direct action on photoreceptors (Picaud et al., 1998) , we examined their effects on the a-wave. Fig. 4A shows typical ERG responses to a bright flash (2:2 Â 10 3 Cd/M 2 , 5 ms) that elicited both the a-and b-waves in the presence and absence of PTX 
Discussion
Role of the GABAc receptor in b-wave generation
In mammalian retinas, GABAc receptors are expressed predominantly at bipolar cell axon terminals where they are believed to mediate inhibitory feedback from GABAergic amacrine cells (Enz et al., 1996; Fletcher et al., 1998; Shields et al., 2000) . The selective effect of the GABAc blockers on the b-wave (Figs. 2 and  3) , but not the a-wave (Fig. 4) , is consistent with this observation (see also Kapousta-Bruneau, 2000) . The findings that TPMPA and PTX have a substantial effect on b-wave amplitude and kinetics suggest that the GABAc feedback pathway to bipolar cells is an important mechanism through which GABAergic amacrine cells modulate both the amplitude and kinetics of the b-wave. Based on our results, depolarization of these GABAergic amacrine cells that provide feedback to bipolar terminals should normally generate a corneapositive potential that enhances the b-wave since blocking the feedback reduces significantly b-wave amplitude. The light-induced depolarization of these amacrine cells should also contribute to acceleration of the decay of the b-wave.
In our previous paper (Dong & Hare, 2000) , we hypothesized (see Fig. 8A , third column from the left) that GABAc feedback enhances b-wave amplitude and accelerates its kinetics and that effects of GABAa and glycine antagonists on the b-wave are produced by enhancing GABAc feedback (increasing GABA release at the GABAc synapse). Thus, according to the hypothesis, any agent that blocks the GABAc receptor, regardless of whether this agent also has an upstream effect on the GABAa and glycine receptors (like PTX) or not (like TPMPA), would be expected to have a similar effect on b-wave amplitude and kinetics. The fact that PTX blocks GABAa and glycine channels in addition to the GABAc channels, but yet produces effects on the b-wave that are very similar to those produced by TPMPA (as can be predicted by our hypothesis) provides strong support for this hypothesis.
The effect of GABAc blockers on b-wave amplitude
Effects of GABA blockers on b-wave amplitude have been described in many previous studies. However, the results from different labs are often conflicting. For example, administration of 3-APA (mixed GABAb agonist/GABAc antagonist) has been shown to decrease b-wave amplitude (Kapousta-Bruneau, 2000) , while treatment with PTX was associated with either an increase (Awatramani & Slaughter, 2001; Gottlob et al., 1988; Vitanova et al., 2001) or no effect (Szikra & Witkovsky, 2001 ) on b-wave amplitude. Based on their results with I4AA (mixed GABAa agonist/GABAc antagonist), Vitanova et al. (2001) speculated that 3-APA decreases the b-wave by acting as a partial agonist, rather than an antagonist, at certain isoforms of GABAc receptors.
We used two pharmacologically distinct agents (TPMPA and PTX) to block the GABAc feedback pathway. TPMPA is a more specific GABAc antagonist than either 3-APA or I4AA whereas PTX is a ligandgated chloride channel blocker. In most vertebrate species (except the rat and mouse) tested, PTX blocks both GABAa and GABAc receptor mediated chloride current. The fact that both TPMPA and PTX have very similar effects on b-wave amplitude (Figs. 2 and 3 ) suggests, at least in the rabbit under in vivo conditions, that activation of the GABAc feedback pathway enhances the b-wave. The substantial alteration of b-wave amplitude and kinetics caused by these two blockers indicates that the GABAc feedback plays an important role in b-wave generation. If 3-APA acts mainly as a GABAc antagonist in the rat (Kapousta-Bruneau, 2000) , not as a partial agonist as suggested by Vitanova et al. (2001) , then the role of the GABAc feedback in b-wave generation in the rat and rabbit retinas is very similar. Since it is likely that the fundamental mechanisms of b-wave generation are similar across the vertebrate species, we can offer no explanation as to why PTX has an effect on b-wave amplitude which is opposite to that found in some other studies (Awatramani & Slaughter, 2001; Gottlob et al., 1988; Vitanova et al., 2001) . Determining the effect of a more selective GABAc antagonist, such as TPMPA, on b-wave amplitude under the conditions of those earlier studies may provide a clue to resolve this discrepancy. In the rabbit in vivo, the PTX effect on b-wave amplitude is very similar to that produced by a pharmacologically equivalent cocktail containing bicuculline, strychnine, and TPMPA (unpublished data). Therefore, it is the GABAc receptor blocking element of PTX that causes b-wave amplitude reduction since we know that a combination of bicuculline and strychnine enhances b-wave amplitude in the rabbit in vivo (Dong & Hare, 2000) . The fact that TPMPA also decreases b-wave amplitude (Fig. 2) further supports this notion.
The effect of GABAc blockers on b-wave kinetics
The GABAc blockers selectively prolong the decay, but not the rising, phase of the b-wave (Figs. 2B and  3B ). This suggests that under dark-adapted conditions the tonic activity of the GABAc pathway is not high enough to alter significantly the kinetics of the rising phase of the b-wave and that light stimulation activates this GABAc pathway which in turn acts to accelerate the decay of the b-wave.
Evidence for involvement of the GABAc feedback pathway in temporal processing in the mammalian retina
In amphibian retinas, the GABAc feedback pathway is an important neural mechanism involved in extracting temporal contrast information (temporal contrast enhancement) by reducing glutamate release from bipolar cell terminals shortly after light onset (Dong & Werblin, 1998; Roska et al., 1998; Zhang et al., 1997) . It is known that GABAc receptors and the feedback pathway exist in mammalian retinas (Enz et al., 1996; Feigenspan, Wassle, & Bormann, 1993; Hartveit, 1999; Shields et al., 2000) , but the involvement of the GABAc pathway in temporal processing in mammalian retinas has not been functionally demonstrated. Since the b-wave is a gross retinal potential generated by both bipolar cells and third-order retinal neurons (Awatramani & Slaughter, 2001; Dong & Hare, 2000; Gottlob et al., 1985; Kapousta-Bruneau, 2000; Wurziger et al., 2001) , acceleration of b-wave decay by the GABAc feedback (Figs. 2 and 3) provide functional evidence that this feedback pathway may be involved in temporal processing in mammalian retinas as well.
